Leptin modulates energy metabolism and lung development. We hypothesize that the effects of leptin on postnatal lung development are volume dependent from 2 to 10 wk of age and are independent of hypometabolism associated with leptin deficiency. To test the hypotheses, effects of leptin deficiency on lung maturation were characterized in age groups of C57BL/6J mice with varying Lep ob genotypes. Quasi-static pressure-volume curves and respiratory impedance measurements were performed to profile differences in respiratory system mechanics. Morphometric analysis was conducted to estimate alveolar size and number. Oxygen consumption was measured to assess metabolic rate. Lung volume at 40-cmH2O airway pressure (V40) increased with age in each genotypic group, and V40 was significantly (P Ͻ 0.05) lower in leptin-deficient (ob/ob) mice beginning at 2 wk. Differences were amplified through 7 wk of age relative to wild-type (ϩ/ϩ) mice. Morphometric analysis showed that alveolar surface area was lower in ob/ob compared with ϩ/ϩ and heterozygote (ob/ϩ) mice beginning at 2 wk. Unlike the other genotypic groups, alveolar size did not increase with age in ob/ob mice. In another experiment, ob/ob at 4 wk received leptin replacement (5 g ⅐ g Ϫ1 ⅐ day Ϫ1 ) for 8 days, and expression levels of the Col1a1, Col3a1, Col6a3, Mmp2, Tieg1, and Stat1 genes were significantly increased concomitantly with elevated V40. Leptin-induced increases in V40 corresponded with enlarged alveolar size and surface area. Gene expression suggested a remodeling event of lung parenchyma after exogenous leptin replacement. These data support the hypothesis that leptin is critical to postnatal lung remodeling, particularly related to increased V40 and enlarged alveolar surface area. leptin replacement; respiratory system mechanics; lung morphometry; metabolic rate; gene expression profiles LEPTIN, SINCE ITS DISCOVERY in 1994 (56), has been considered an important peripheral signal that regulates satiety and energy metabolism (12, 27, 35) . As an adipose-secreted protein, leptin has been shown to affect the function of other physiological systems, including respiratory system mechanics and breathing regulation (5, 46, 47) . For example, lung volumes (VL) in adult leptin-deficient (ob/ob) mice were significantly lower at incremental airway pressures (i.e., 0 -30 cmH 2 O) compared with those in wild-type (ϩ/ϩ) mice (47). Furthermore, extended leptin replacement in the ob/ob mice led to a substantial increase of VL and compliance, but these lung mechanical changes remained significantly lower at 10 wk of age compared with age-matched ϩ/ϩ mice. In addition, leptin deficiency attenuated chemical control of breathing, which was sleep state dependent and independent of excessive body weight (33, 46, 47) . Again, acute or prolonged leptin replacement ameliorated the regulation of breathing, making the return of function largely comparable to ϩ/ϩ responses.
LEPTIN, SINCE ITS DISCOVERY in 1994 (56) , has been considered an important peripheral signal that regulates satiety and energy metabolism (12, 27, 35) . As an adipose-secreted protein, leptin has been shown to affect the function of other physiological systems, including respiratory system mechanics and breathing regulation (5, 46, 47) . For example, lung volumes (VL) in adult leptin-deficient (ob/ob) mice were significantly lower at incremental airway pressures (i.e., 0 -30 cmH 2 O) compared with those in wild-type (ϩ/ϩ) mice (47) . Furthermore, extended leptin replacement in the ob/ob mice led to a substantial increase of VL and compliance, but these lung mechanical changes remained significantly lower at 10 wk of age compared with age-matched ϩ/ϩ mice. In addition, leptin deficiency attenuated chemical control of breathing, which was sleep state dependent and independent of excessive body weight (33, 46, 47) . Again, acute or prolonged leptin replacement ameliorated the regulation of breathing, making the return of function largely comparable to ϩ/ϩ responses.
Postnatal alveolar development in mice rapidly occurs within the first 14 days. By postnatal (P) day 3 (P3), distinct changes in lung structure are characterized by the formation of primary saccules, subdividing into individual alveoli. This rapid alveolarization continues through P14 in mice, but lung growth persists, since the mouse chest wall epiphysis remains unclosed throughout life (3, 7, 29) . Thus it is not known whether the lower VL in adult ob/ob mice reflects the formation of smaller alveoli, lower number of alveoli postseptation, or both. Furthermore, mechanisms are unknown as to how leptin affects lung postnatal development. Because gas exchange is an essential function of the lung, and leptin deficiency is known to lead to hypometabolism, we question whether decrements in lung development of ob/ob mice parallel alterations in metabolic rate (23, 29) . Tenney and Remmers (50) have shown an extraordinary linear relationship between alveolar surface area (Sa) and oxygen consumption (V O 2 ) among a range of mammalian species. This same link between metabolic rate and lung development is more recently reviewed by Massaro and Massaro (29) . This robust relationship suggests that a highly conserved genetic program is designed to match the events of the developing lung to the overall oxygen needs of a given mammalian organism. This conserved mechanism cannot be neglected in the present study because of the dramatic hypometabolic state known to occur in ob/ob mice. Nevertheless, we hypothesize that leptin deficiency plays a role in alveolar development separate from its effect to attenuate metabolic rate. Alternatively, we postulate that leptin regulates gene expression levels in the lung to augment the development of the extracellular matrix (ECM).
Thus, to test these hypotheses, we performed two complementary studies. In the first study, we examined the effects of leptin deficiency on lung maturation by studying ϩ/ϩ, heterozygous (ob/ϩ), and ob/ob mice at 2, 3, 4, 7, and 10 wk of age. Body weight and V O 2 were measured to assess changes in obesity and metabolic rate. Quasi-static pressure-volume (PV) curves and respiratory system impedance (Zrs) measurements were also performed to profile group differences in volume and mechanical properties as a function of age. Histological methods were conducted to estimate alveolar size and Sa. In a second series of experiments, we reexamined the changes in respiratory system function and alveolar architecture in ob/ob mice following leptin replacement. We also assessed leptininduced changes in gene expression levels in lung tissue samples from ob/ob mice to further understand the potential mechanisms by which leptin alters structure and function of the respiratory system. Our results demonstrate a potential interaction of leptin with genes associated with the lung ECM to affect lung remodeling.
METHODS

Animals.
Male and female ob/ob, ob/ϩ, and ϩ/ϩ mice were generated by mating male and female ob/ϩ mice. The ob/ϩ progenitors were purchased from Jackson Laboratory (Bar Harbor, ME), and their offspring were genotyped for ob alleles by PCR and restriction enzyme analysis using tail specimens (19) . For each age group, three to five dams were used to breed offspring of the three genotypic groups. Since offspring were randomly selected from different litters at various time points, each dam contributed offspring to multiple age groups. The offspring were weaned at 4 wk of age. All animals were housed in a facility at the Johns Hopkins University under standard conditions; the temperature was maintained at ϳ21.5°C, and the light-dark cycle was 12:12 h, beginning at 0700. The animals were fed ad libitum with a pelleted stock diet. Each of the three genotypic groups was represented at 2, 3, 4, 7, and 10 wk of age (n ϭ 5-11 mice per genotype per age). Sex ratios were evenly distributed in all age groups for each genotype. All protocols were approved by the Johns Hopkins University Animal Care and Use Committee and complied with the American Physiological Society Guidelines.
In a second series of studies, 18 female ob/ob mice were purchased from Jackson Laboratories at 4 wk age and were randomly divided into leptin-treated (n ϭ 9 mice) and vehicle-treated groups (n ϭ 9 mice). On a daily basis, each animal was weighed, and food intake was recorded. The leptin-treated group received recombinant murine leptin (r-metmuleptin; Amgen) administered intraperitoneally (ip) at a dose of 5 g/g body wt daily for 8 days. Vehicle-treated animals were administered physiologically based saline at an equivalent volume as the leptin-treated animals. Six of the nine animals from each treatment group were subjected to the same protocol to assess VL and respiratory system mechanics (described below) as the mice in the first series of studies. Lung tissue was extracted from the remaining three mice from each group for the analysis of gene expression using microarray and quantitative PCR (qPCR) gene expression techniques.
This dose and timing of leptin administration used in the present study was chosen based on our laboratory's previous work (47) showing the average daily dose regimen required to maintain body weight in ob/ob mice from 4 to 10 wk of age. In this previous study (47) , the average daily ip dose of leptin ranged from 5 to 10 g/g. Subsequently, we performed studies in ob/ϩ and ob/ob mice to determine which dose (5 or 10 g/g) was most effective in restoring lung growth. In this dose-ranging study, the total amount of leptin given to the two groups of mice was kept constant by adjusting the number of days (8 or 4 days) that leptin was administered. These studies were accompanied by a second series of studies to determine the serum levels of leptin in ob/ob mice at 1, 3, 6, and 24 h after mice were administered a single ip dose of leptin at 5 g/g. Serum samples were obtained from individual mice (2 mice per time point) and diluted by 2 to 1,024-fold to achieve a concentration within the detectable range of the mouse leptin RIA kit from Linco Research (St. Charles, MO).
Measurement of V O2. Metabolic rate was estimated by measuring V O2 using a commercially available indirect open-circuit calorimetric system (Oxymax Deluxe, Columbus Instruments, Columbus, OH) inline with 200-ml cylindrical Plexiglas chambers. Unhumidified, compressed air was delivered through the chamber, under the control of a calibrated flowmeter. The flow was adjusted to maintain a difference between chamber inflow (compressed air) and outflow oxygen concentrations. The airflow out of the chamber was dried using a column of anhydrous CaSO 4 and was sampled for 30 s for fractional concentrations of O2 using a limited diffusion O2 sensor. Sensor output was transmitted to a dedicated computer operated by data-acquisition software (Oxymax version 5.3, Columbus Instruments, Columbus, OH) for online computation and display of metabolic parameters. Gas analyzer calibrations were conducted before each experiment using gas mixtures standardized by the manufacturer (Puritan Bennett, Linthicum Heights, MD). Reference air measurements were obtained intermittently to correct for sensor drift. Finally, V O2 data were normalized to standard temperature, pressure, and dry conditions (STPD) and standardized as a function of body weight.
Zrs measurements. Animals were anesthetized with ip injections of pentobarbital sodium at a dose of 80 mg/kg body wt. After the trachea was cannulated, the mouse was connected to a computer-controlled small-animal ventilator (FlexiVent, Montreal, Canada) while in a supine position. The ϩ/ϩ and ob/ϩ mice were mechanically ventilated with 100% O 2 at 150 breaths/min and a tidal volume of 10 ml/kg at positive end-expiratory pressures (PEEP) of 2 cmH 2O. In ob/ob mice, similar ventilatory settings were used until 4 wk of age. Thereafter, ob/ob mice were ventilated at a tidal volume of 200 l to avoid hyperinflation of the lung due to volume adjustments calculated with exaggerated body weights. After 10 min of mechanical ventilation, each animal was paralyzed with an ip injection of 0.05 ml succinylcholine (9 mg/ml). Stable breathing in each animal was attained after 3 min, at which time a deep inspiration was applied at an airway pressure of 30 cmH 2O. Two minutes after the deep inspiration, the Zrs was measured at a PEEP level of 2 cmH2O and then fitted by Flexivent software to a constant-phase model (18) to provide measures of Raw (airway resistance), G (tissue damping), H (tissue elastance), and (tissue hysteresivity).
In a separate group of 10-wk-old ob/ob and ϩ/ϩ mice (7-8 mice per group), impedance measurements were repeated with the chest wall intact and again with the chest wall opened, as previously described (21) . These studies were performed to determine the proportional contribution of the chest wall to the overall respiratory system mechanics, as assessed by Raw, G, H, and .
PV curve. After the impedance measurements, mice were mechanically ventilated with 100% O2 at a PEEP level of 2 cmH2O for 1 min, and the cannula was sealed with a stopcock for 3 min to degas the lung. Quasi-static PV curves were then performed ex vivo with the respiratory system intact. The rate of inflation and deflation was standardized by a dual-infusion withdraw pump (model 900 -610, Harvard Apparatus, Dover, MA), and the airway pressure was measured by using a differential pressure transducer (model 8510B-2, Endevco). The initial inflation was controlled and adjusted to take ϳ60 s to ensure that all lung regions opened. All successive PV inflation and deflation limbs were completed in ϳ20 s. The pressure limits of the inflation and deflation airway pressures were 40 and Ϫ10 cmH2O, respectively. The volumes on deflation at 40 cmH2O (V40) were considered to represent total lung capacity. Compliance of the intact respiratory system was computed from the slopes of the PV relationships between 5 and 0 cmH2O (Crs5-0) on deflation.
Alveolar mean chord length, number, and Sa. After the PV curve was completed, the tracheal cannula was connected to a 20-cmH2O column of 4% paraformaldehyde with 2% glutaraldehyde for 4 h. Lungs were removed from the thorax, extrapulmonary tissue carefully trimmed, and the whole VL was determined by the water displacement method (41) . We selected left lung sections by a standardized procedure (43) to measure alveolar mean chord length (MCL). Briefly, from the left lung, the top 3-mm section was removed and discarded, and then three serial, 2-mm sections were removed and processed for histology. Blocks were washed in distilled H2O twice, followed by 70% alcohol preservation, and then embedded in paraffin with methacrylate. For the measurement of MCL, 5-m-thick sections were cut and stained with 0.05% toluidine blue. From each section, seven non-overlapping 676 m ϫ 505 m fields were sampled, deliberately avoiding the large airways and blood vessels. Each of these regions was photographed for digital analysis, and conventional morphometric methods were used to determine MCL of alveoli using National Institutes of Health Image software (version 1.62). For consistency with previous studies (43), chord lengths Ͻ8 or Ͼ250 m were excluded. Twenty-one histological samples were obtained from each animal and averaged for a given animal.
The lung tissue density (Dti) was computed as the percentage of lung tissue divided by the total area of the field. Like the MCL measurements, 21 histological samples were obtained from each animal and averaged for a given animal. The following formula was used to estimate alveolar number. The average MCL was used to represent the diameter of a spherical alveolus:
Similarly, Sa was estimated as follows:
Oligonucleotide microarray. Lungs were isolated, and total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA). Extracted RNA was purified using the RNeasy mini kit (Qiagen, Valencia, CA), and the quality of the RNA was assessed using the RNA 6000 nano assay kits (Agilent Technologies, Palo Alto, CA). The isolated RNA was applied to Mouse Genome 430 2.0 GeneChip arrays (Affymetrix, Santa Clara, CA), according to procedures described previously (34) . This array contains probes for detecting ϳ14,500 well-characterized genes and 4,371 expressed sequence tags.
Scanned output files were analyzed using Affymetrix GeneChip Operating Software, version 1.3, and were independently normalized to an average intensity of 500. To identify the differentially expressed transcripts, pairwise comparison analyses were performed using the DMT 3.0 program (Affymetrix). Only genes that changed in at least six out of nine comparisons (n ϭ 3 mice/group) and that showed a P value Յ0.05 using Mann-Whitney test were considered statistically significant with respect to differential gene expression. An absolute fold change (FC) of Ն1.5 was also used as a criterion to select noteworthy genes. These criteria were consistent with the bioinformatics techniques used in previous mouse studies (11, 14, 31) . NetAffx (26) was used to extract gene ontology information for the gene expression profiles. For those genes with multiple probes, the single probe with the highest magnitude FC (positive or negative) was retained, as representing that gene. Microarray data sets were deposited to the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/ projects/geo/, with accession no. GSE10915).
mRNA expression. Total RNA (3 g/sample) was reverse transcribed to cDNA using random primers and MultiScribe reverse transcriptase (Applied Biosystems, Foster City, CA). Using 100 ng of cDNA as a template, quantification was performed by an ABI Prism 7000 Sequence Detector (Applied Biosystems) using the TaqMan 5Ј nuclease activity from the TaqMan Universal PCR Master Mix, fluorogenic probes (Applied Biosystems), and oligonucleotide primers (Invitrogen). TaqMan assays were repeated twice in each lung sample for each of 16 selected genes related to leptin and lung ECM.
The mRNA expression levels of all samples were normalized to the levels of glyceraldehyde-3-phosphate dehydrogenase from the same sample and were calculated as FCs using the 2 Ϫ⌬ ⌬CT method (42) . Statistical analysis. Differences between the three genotypic groups with age were analyzed by two-way ANOVA (Graphpad Prism, version 4.03). Mean comparisons between genotypic and age groups were further tested by a Bonferroni posttest. Since all genotypic offspring were randomly selected from different litters at various time points, maternal inheritance was not considered a factor in the statistical analysis. The effects of leptin vs. vehicle treatment in ob/ob mice were evaluated by unpaired t-tests. Statistical significance was established at a P value of 0.05. All results in Tables 1-4 and Figs. 1-8 were expressed as the means Ϯ SE. Figure 1 shows the changes in body weight and V 40 with age for each genotypic group. In Fig. 1A , body weight increases significantly with age in each genotypic group [F(df ϭ 4) ϭ 620.1, where df is degrees of freedom, P Ͻ 0.01], and the body weights in ob/ob mice are notably (P Ͻ 0.01) greater than those in ϩ/ϩ mice after 4 wk of age and greater than in ob/ϩ mice after 7 wk. No difference in body weight is observed between ϩ/ϩ and ob/ϩ mice (P Ͼ 0.05) for any age group.
RESULTS
In Fig. 1B , changes in V 40 with age are shown for each genotypic group. The V 40 increases significantly with age in each genotypic group through 7 wk [F(df ϭ 4) ϭ 237.4, P Ͻ 0.01], and V 40 in ob/ob mice is notably lower than that in ϩ/ϩ mice (P Ͻ 0.05), even at 2 wk, and lower than that in ob/ϩ mice beginning at 3 wk (P Ͻ 0.05). The V 40 is also higher in ϩ/ϩ than in ob/ϩ mice (P Ͻ 0.05) after 4 wk of age. Furthermore, the differences in V 40 between ϩ/ϩ and ob/ob mice are significantly increased from 0.16 ml at 2 wk to 0.47 ml at 7 wk [F(df ϭ 8) ϭ 2.74, P Ͻ 0.01].
The mechanical properties of the respiratory system are reported in Table 1 . In each genotypic group, the Crs 5-0 increases significantly with age through 7 wk [F(df ϭ 4) ϭ 244.6, P Ͻ 0.01]. The Crs 5-0 in ob/ob mice is significantly lower than that in ϩ/ϩ mice (P Ͻ 0.01), beginning at 3 wk, and lower than that in ob/ϩ mice (P Ͻ 0.05), beginning at 4 wk of age. The Raw, G, and H parameters show progressive declines with age in each genotypic group [F(df ϭ 4) ϭ 37.6, P Ͻ 0.01 for Raw; F(df ϭ 4) ϭ 116.0, P Ͻ 0.01 for G; and F(df ϭ 4) ϭ 152.9, P Ͻ 0.01 for H]. At each age, the Raw, G, and H parameters of ob/ob mice are generally the highest for the three genotypic groups, and those for ϩ/ϩ mice are lowest. The differences in G and H are significantly higher in ob/ob mice compared with age-matched ϩ/ϩ mice after 3-4 wk (P Ͻ 0.05). The parameter is not different among the genotypic groups at any age (P Ͼ 0.05). However, the differences between genotypic groups for Crs 5-0 and each impedance parameter are eliminated after normalizing the results for V 40 , suggesting that the mechanical differences in ob/ob mice are volume dependent.
In Fig. 2 , the percent changes in Raw, G, H, and with the chest wall opened relative to the chest wall intact are reported for 10-wk-old ob/ob and ϩ/ϩ mice. Each of the four parameters is significantly (P Ͻ 0.01) reduced with the chest wall opened in ϩ/ϩ mice. To the contrary, only is significantly (P Ͻ 0.01) reduced in ob/ob mice, leaving Raw, G, and H unchanged (P Ͼ 0.05) when the chest wall is opened. Table 2 shows the age-dependent changes of VL, MCL, Dti, alveolar number, and Sa in the three genotypic groups. The VL increases significantly with age in each genotypic group [F(df ϭ 4) ϭ 145.5, P Ͻ 0.01]. However, VL in ob/ob mice is significantly lower after 4 wk relative to that in ϩ/ϩ mice (P Ͻ 0.01) and is significantly lower after 7 wk relative to ob/ϩ mice (P Ͻ 0.01). There is a significant interaction [F(df ϭ 2) ϭ 3.91, P Ͻ 0.05] from 2 to 10 wk of age between genotypic groups, suggesting that the MCL in ob/ob mice decreases (Ϫ5.9%), whereas the MCL increases for both ob/ϩ (3.4%) and ϩ/ϩ mice (5.9%). Generally, alveolar number and Sa in ob/ob mice are notably lower relative to that in ϩ/ϩ and ob/ϩ mice, beginning at 2 wk of age [F(df ϭ 2) ϭ 4.60, P Ͻ 0.05 for alveolar number; F(df ϭ 2) ϭ 23.2, P Ͻ 0.01 for Sa]. In addition, alveolar number and Sa increase significantly with age in each genotypic group through 7 wk [F(df ϭ 4) ϭ 42.82, P Ͻ 0.01 for alveolar number; F(df ϭ 4) ϭ 106.6, P Ͻ 0.01 for Sa]. Figure 3 shows the developmental changes in the absolute V O 2 ( Fig. 3A) and the relative V O 2 corrected for body weight (Fig. 3B ) in the three genotypic groups. The absolute V O 2 is significantly (P Ͻ 0.01) lower in ob/ob mice at 2 wk compared with the other two groups. Also, there is a significant increase in the absolute V O 2 with age in each genotypic group through 7 wk [F(df ϭ 4) ϭ 66.8, P Ͻ 0.01]. After 3 wk, there is no Fig. 2 . Effects of chest wall mechanics on respiratory system impedance parameters expressed as percent change with the chest wall opened relative to the chest wall intact. Impedance parameters are as follows: Raw, airway resistance; G, tissue damping; H, tissue elastance; , hysteresivity. Measurements were obtained in 10-wk-old ϩ/ϩ (n ϭ 7) and ob/ob (n ϭ 8) mice. *P Ͻ 0.01, chest wall opened vs. intact. Figure 3B shows the same results but corrected for body weight, and the V O 2 of the ob/ob mice are consistently lower relative to that in the other two groups at 2, 4, 7, and 10 wk (P Ͻ 0.01).
The results from studies to determine the dose of leptin effective in stimulating lung growth in 4-wk-old mice are shown in Fig. 4 . In Fig. 4A , daily leptin doses of 5 g/g for 8 days result in significant (P Ͻ 0.05) increases in VL at 30 cmH 2 O in both ob/ϩ and ob/ob mice. There is no change in VL in either ob/ϩ and ob/ob mice following doses of 10 g/g for 4 days. In the same mice, body weight is not different in ob/ϩ mice receiving 5 or 10 g/g doses of leptin (data not shown). Also, body weight remains unchanged in ob/ob mice receiving doses of 5 g/g of leptin, but is significantly (P Ͻ 0.05) reduced with 10 g/g of leptin.
As shown in Fig. 4B , the average serum leptin concentrations in 4-wk-old ob/ob mice following a single dose of 5 g/g are shown as a function of time during a 24-h period. The average serum level of leptin at 1 h after ip injection is approximately three orders of magnitude above plasma levels reported in ϩ/ϩ mice at a similar age (32) . The serum leptin concentration in ob/ob mice after a single dose of 5 g/g rapidly decays, reaching ϩ/ϩ levels between 6 and 24 h. Figure 5 shows the daily changes in body weight (Fig. 5A ) and food intake ( Fig. 5B) for ob/ob mice during 8 days of saline or leptin treatment. The body weight increases from 27.3 Ϯ 1.0 to 34.8 Ϯ 0.7 g in vehicle-treated ob/ob mice. There is a significantly lower increase in body weight in the leptintreated group, from 26.7 Ϯ 1.2 to 28.3 Ϯ 1.0 g. The groups differ in body weight after treatment day 3 (P Ͻ 0.01). The daily food intake is also decreased after leptin treatment and is significantly (P Ͻ 0.01) lower than vehicle after treatment day 2. Figure 6 depicts average lung deflation curves for leptin-and vehicle-treated ob/ob mice. In Fig. 6A , the absolute volume is significantly [F(df ϭ 1) ϭ 115.4, P Ͻ 0.01] elevated in the leptin-treated group compared with vehicle. However, when the same results are normalized to V 40 (Fig. 6B) , the differences between the groups are eliminated [F(df ϭ 1) ϭ 3.68, P Ͼ 0.05].
The effects of leptin treatment on respiratory system mechanics in ob/ob mice are reported in Table 3 . Compared with vehicle, V 40 and Crs 5-0 in leptin-treated ob/ob mice are significantly elevated (P Ͻ 0.05). However, the V 40 of leptin-treated ob/ob mice remains significantly (P Ͻ 0.01) attenuated compared with the V 40 of ϩ/ϩ mice at 4 wk (Fig. 1) . After normalizing for V 40 , the difference in Crs 5-0 between vehicle- and leptin-treated groups is diminished (P Ͼ 0.05). Similarly, there are no detectable differences in the impedance results between leptin-and vehicle-treated ob/ob mice, with or without normalizing for V 40 (P Ͼ 0.05).
The differences in MCL, alveolar number, Sa, and absolute V O 2 between the leptin-and vehicle-treated ob/ob mice are shown in Fig. 7 . After leptin treatment, the MCL is significantly larger than vehicle (P Ͻ 0.05, Fig. 7A ). The percent difference in MCL between leptin-and vehicle-treated ob/ob mice is 7.0% (34.4 Ϯ 1.0 and 36.8 Ϯ 0.4 m, respectively), which is comparable to the change in ϩ/ϩ mice from 2 to 10 wk of age. The leptin treatment does not significantly affect the alveolar number relative to vehicle (P Ͼ 0.05, Fig. 6B ), but significantly increases the Sa (P Ͻ 0.05, Fig. 7C ). Compared with vehicle, leptin treatment also significantly increased the absolute V O 2 (P Ͻ 0.05, Fig. 7D) .
The results from microarray data analyses show that there are a total of 41 expressed genes that are significantly upregulated (n ϭ 38 genes) or downregulated (n ϭ 3 genes) with leptin treatment. Table 4 shows eight upregulated genes with relevance to leptin and lung parenchymal ECM. These expressed genes included three collagen genes (Col1a1, Col3a1, and Col6a3), and the serine peptidase inhibitor h1 (Serpinh1) gene, which is involved with collagen biosynthesis. Two other expressed genes, including insulin growth factor binding protein-2 (Igfbp2) and matrix metalloproteinase 2 (Mmp2), are also upregulated with leptin treatment. The signal transducer and activator of transcription 1 (Stat1) and transforming growth factor-␤-inducible early growth response 1 (Tieg1) genes are also significantly upregulated.
The eight genes shown to be significant by microarray analysis were retested by qPCR, and the average gene expression levels for the leptin-and vehicle-treated groups are also shown in Fig. 8 . Seven of the eight genes were validated by both analyses, and only Serpinh1 expression was not confirmed by qPCR. The elastin (Eln) and leptin receptor (Lepr) genes, the surfactant genes (Sftpa1, Sftpb, Sftpc, and Sftpd), as well as the insulin-like growth factor I (Igf1) and Igfbp4 genes, were also examined using qPCR, and the expression levels of these genes in lung tissue were not different (P Ͼ 0.05) between leptin-and vehicle-treated groups.
DISCUSSION
The major findings of the present study suggest that adverse effects of leptin deficiency on postnatal lung development are due to altered alveolar formation, which is evident as early as at 2 wk of age. Furthermore, the absence of leptin into adulthood delays incremental increases in alveolar Sa, which is observed in the lung development of ϩ/ϩ mice ( Table 2) . Leptin deficiency results in reduced VL and alveolar Sa by modest, but early, decreases in alveolar number. With further lung development into adulthood, normal alveolar enlargement is also delayed in leptin-deficient ob/ob mice. The effects of leptin deficiency on lung development are supported by the results observed with leptin replacement for 8 days, which include increases in VL (Table 3) and Sa (Fig. 7) . In addition, leptin treatment is accompanied by a notable alveolar enlargement in ob/ob mice. The reduction in VL observed in leptin-deficient ob/ob mice is associated with a significantly elevated pulmonary elastance commencing at 3 wk of age (Table 1) . Although the MCL is similar at 3 wk among the different genotypic groups, the alveolar number tends to be lower in ob/ob mice by ϳ12%. As the alveolar number increases into adulthood in each of the genotypic groups, the elastance decreases accordingly; however, elastance in ob/ob mice is sustained at a higher level relative to the other groups, presumably as a result of a delayed alveolar enlargement. Since the differences in elastance among the genotypic groups are eliminated after normalizing to V 40 , the variation in lung development among the groups is generally volume dependent. The changes in other mechanical parameters of the respiratory system with development, including compliance and G, are also affected in a volume-dependent manner, although the time course may be modestly altered relative to H. In addition, the developmental changes in H and G for ϩ/ϩ mice are similar to changes in lung tissue mechanics observed in other inbred mouse strains (7) .
With respect to Raw in ob/ob mice, there are no detectable phenotypic differences among the three groups from 2 to 10 wk age. Hence, leptin deficiency appears to affect parenchymal mechanics in the absence of any notable effect on developmental changes in Raw. One mechanism to consider is an imbalance between the parenchymal tethering forces and the elastic recoil of the airway after 3 wk of age in ob/ob mice. That is, one would expect that greater parenchymal elastance would lead to greater airway caliber and lower Raw in ob/ob mice. However, the net effect of this imbalance would be partially offset by the lower V 40 in the ob/ob mice. Several other factors may have been important in modulating Raw of ob/ob mice, including the fact that the genotypic groups were ventilated at variable tidal volumes as a percentage of V 40 . Since tidal stretching of the lung leads to airway smooth muscle relaxation, the bronchomotor tone may have been different among the groups. Nevertheless, leptin deficiency leads to impaired alveolar growth, whereas Raw appears to be left unaffected. Other growth factors beside leptin have been shown to affect airways and alveoli differently (16) .
Although ob/ob mice are unable to produce leptin, these mutants are exposed to leptin to some extent through early stages of development by placental blood flow and lactational sources from the ob/ϩ dams (4, 20, 39, 51) . During postnatal development, Mistry and coworkers (32) showed that plasma leptin levels were undetectable (Ͻ1 ng/ml) in ob/ob mice from P11 through P36. However, plasma leptin levels in ϩ/ϩ mice were four-to fivefold greater (ϳ21 ng/ml) at P11 compared with levels at P36, suggesting an important role for leptin in early postnatal development. In the same study (28) , there were no detectable differences in V O 2 between ϩ/ϩ and ob/ob mice at P11. Furthermore, in ob/ob mice, three daily ip doses of leptin at 1 g/g did not lead to detectable differences in V O 2 between leptin-and vehicle-treated mice at P11. These results led the investigators to conclude that mice are generally unresponsive to leptin in terms of inducing increases in V O 2 before P11. In the present study, genotypic differences in V O 2 are observed at P14, with ob/ob mice demonstrating lower V O 2 than the other two groups. Since alveolar formation is largely complete by P14 in mice (3, 29) before a period of significant lung growth, we postulated that the attenuated lung growth in ob/ob mice was, to some extent, associated with the depression in V O 2 . However, this hypothesis was partially refuted by results showing that the absolute amount of O 2 consumed by ob/ob mice between 21 and 70 days of age (Fig. 3A) did not differ from the other groups, while the VL and Sa remain lower in ob/ob mice. This dissociation is particularly evident in ob/ob mice after 7 wk of age. On the other hand, the same hypothesis was supported by a coincident increase in V O 2 and VL in ob/ob Table 3 . Effect of leptin treatment on ob/ob mice for mechanical parameters of the respiratory system V40, ml Not Normalized by V40
Normalized by V40
Raw, cmH2O ⅐ s ⅐ ml Ϫ1 G, cmH2O/ml H, cmH2O/ml NCrs5-0/V40, cmH2O
Vehicle treated 0.64Ϯ0.031 0. Values are means Ϯ SE; n ϭ 6 mice for each group. *P Ͻ 0.05, compared with vehicle-treated group. mice treated with leptin. These conflicting results between our two studies led us to explore the potential gene expression differences using leptin treatment (ip dose of 5 g/g) for 8 days. While it is true that this treatment led to plasma levels well above those seen in ϩ/ϩ mice (32), several physiological responses in treated ob/ob mice, including body weight regulation ( Fig. 5 ) and V O 2 ( Fig. 7D) , were modulated at comparable levels to age-matched ϩ/ϩ mice. We also surmised that the improved VL phenotype in ob/ob mice justified this leptin dose and duration (Fig. 4A) for gene expression analysis. Elastin and collagen are ECM proteins that make up the framework of alveolar structure and are most important in determining the mechanical properties of lung parenchyma (44) . Several studies have demonstrated that there are close links between elastin expression and lung alveolar formation (28, 54, 55) . For example, elastin synthesis in mice is greatest in the postnatal lung during alveolar formation (7, 38) . The lung elastic properties develop concurrently with alveolar septation, being that both are essentially stabilized by 7 wk of age, as shown in this (Tables 1 and 2 ) and other studies (3, 29) . In the present study, neither the gene expression of elastin nor alveolar number was altered in ob/ob mice between 4 and 5 wk of age after leptin treatment. These gene expression results suggest that leptin treatment beginning at 4 wk of age merely affected mechanisms of alveolar enlargement without affecting alveolar number or Eln gene expression. Whether or not this phenotypic modification is specific to a role leptin plays in affecting lung development requires future studies. It is possible that leptin treatment in the present study occurred during a developmental stage of the lung involved in alveolar thinning and enlargement (1, 10) . Given this possibility, the leptininduced gene expression profile may reflect the expressed genes essential for these processes to occur.
Collagen is the primary load-bearing component of the lung ECM. During postnatal development, lung tissue is constantly under a preexisting tensile stress, which is a result of lung distension by increased transpulmonary pressure. Additionally, oscillations in tensile stress accompany cyclic breathing. We have shown that prolonged leptin treatment in ob/ob mice leads to decreases in breathing frequency and increases in tidal volume (39) . Thus a dynamic remodeling of the lung ECM may have resulted from increased oscillations in breathing pattern through mechanotransducing mechanisms. Accordingly, we observe here that the expression levels of collagen genes are increased in association with alveolar enlargement after leptin treatment. We postulate that increased gene expression levels of various collagens (Col1a1, Col3a1, and Col6a1) reflect the increased tensile stress of greater tidal breaths and the mechanical requirements of enlarged alveoli.
Although potential molecular mechanisms by which leptininduced lung growth occurs are not clear, these mechanisms are likely a complex interaction of direct and indirect effects of leptin on the lung. For example, indirect mechanotransducing stimuli can induce secretion of various growth factors that accelerate ECM remodeling (8, 45) . Tensile force-mediated upregulation of the ␣1 procollagen gene (Col1a1) was found to depend on the release of transforming growth factor-␤ (17) . In the present study, gene expression changes in Tieg1 after leptin treatment supports the role of a transforming growth factor-␤-dependent signal pathway in this remodeling process (22, 52) . Our study also found increased expression levels of the Stat1 gene after leptin treatment, suggesting that direct activation of the JAK-STAT signaling pathway mediated through leptin receptors may be important (9, 13, 48) . While it is well established that leptin receptors are located in the pulmonary parenchyma and in bronchiolar epithelium between birth and adulthood in the mouse (6, 15, 53), Lepr gene expression was unchanged in ob/ob mice with leptin treatment. Furthermore, the increase in Mmp2 gene expression in the lung following leptin treatment is consistent with another study (25) and implies a role for Mmp2 in the lung ECM remodeling process. Both collagen and elastin fibers in the lung are protease targets known to be the focus of altered Mmp2 activity (2, 30) . Taken together, the bioinformatic results from microarray analysis suggest that leptin treatment appears to significantly upregulate collagen (Col1a1) gene expression through leptin-receptor stimulation (40) . Lung ECM remodeling processes induced by leptin might also require the upregulation Serpinh1 gene expression. The Serpinh1 protein is one of a family of serine protease inhibitors, but is the only member void of antiprotease activity (36) . Instead, Serpinh1 plays an essential role as a chaperone for the normal assembly of collagen synthesis (36, 49) . Although it is unclear how this complex interaction commences, there may be an additional influential modification in the activation state of IGF-I signaling through upregulation of Igfbp2 gene expression. To the contrary, the gene expression levels of Igf1 and Igfbp4 were not altered following leptin treatment. Similarly, gene expression levels of the surfactant proteins were unchanged with leptin.
While the conclusions of the present study are supported by previous work (24) showing that antenatal leptin treatment significantly increases fetal lung weight and the number of type II alveolar cells, the present results are inconsistent with other studies. For example, differences in respiratory system mechanics between ob/ob and ϩ/ϩ mice observed in the present study are somewhat unique relative to the study by RiveriaSanchez and colleagues (37) . These investigators examined pulmonary mechanics in ob/ob and ϩ/ϩ mice at 8 -12 wk of age following filtered air or acute ozone exposure. In their study, mice exposed to filtered air showed comparable mechanical properties of H and G between ob/ob and ϩ/ϩ mice. Although the reasons for the discrepancies between theirs and the present study remain somewhat elusive, it is well established from this and another study (47) that VL values in ob/ob mice are substantially reduced by 25-40% relative to those in ϩ/ϩ mice, given airway pressures Ն30 cmH 2 O. Given this factor alone, decreased VL values in ob/ob mice likely lead to increases in lung elastance compared with the other genotypic groups. Although VL values were not measured in the study by Riveria-Sanchez et al. (37) , the absence of significant differences in elastance between ob/ob and ϩ/ϩ mice is somewhat unexpected.
One principal distinction between the present study and that of Riveria-Sanchez et al. (37) is the difference in the surgical preparation. The surgical technique used by Riveria-Sanchez exposed the lung of each animal studied to atmospheric pressure, presumably eliminating the chest wall effects on lung mechanics. In contrast, the method principally used in the present study left the respiratory system intact, and, therefore, the mechanical influences of the chest wall and lung are inseparable. This approach led from a previous study in our laboratory (47) , whereby the effects of the chest wall on VL values and mechanical properties were examined using only quasi-static PV relationships. The results showed no effect of the chest wall on VL or static compliance measurements in any of the ob/ob and control groups tested. More recently, Ito and colleagues (21) showed a significant depression on respiratory impedance parameters, including Raw, G, H, and , with an opened-chest compared with a closed-chest preparation. In studies addressing the same question here, respiratory impedance measurements were repeated in ob/ob and ϩ/ϩ mice at 10 wk of age with the chest closed and opened, as described previously (21) . The results (Fig. 2 ) from ϩ/ϩ mice were comparable with those of Ito et al. (21) , suggesting that there is a small but significant decline in each impedance parameter with the chest wall opened compared with the chest wall intact. However, there were no detectable differences between the open and closed chest preparation in ob/ob mice, with the exception of (i.e., hysteresivity). Therefore, it is possible that the physical presence of fat deposition within and around the thoracic cavity affects the mechanical interaction between the chest wall and lung differently in ob/ob compared with ϩ/ϩ mice. Future studies will be required to determine how this fat deposition plays a role in altering respiratory system mechanics in ob/ob mice.
In conclusion, our results demonstrate the adverse effects of leptin deficiency on postnatal lung development, which are persistent and involve decreased VL and alveolar Sa during early postnatal development. Leptin deficiency also inhibits the successive alveolar enlargement later in lung development. Moreover, leptin treatment after 4 wk of age increases VL and alveolar Sa by stimulating alveolar enlargement, but does not ameliorate lung elastic properties. These aspects of lung remodeling are accompanied by a gene expression profile aimed to activate lung ECM turnover. These adverse effects of leptin deficiency on lung development in ob/ob mice are dissociated from reductions in metabolic rate. Since it is clear that VL and lung architecture differ in ob/ob mice before 2 wk of age, other essential postnatal modifications are affected by leptin deficiency that impair the regulation of alveologenesis.
